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To determine the capability of high speed computed
transmission tomography to quantitate regional wall
thickening dynamics over a wide range of physiologic
states, left ventricular wall thickening was studied in
nine anesthetized mongrel dogs in the control state and
during separate infusions of dobutamine (10 ltg/kg per
min) and phenylephrine (25 Itg/kg per min). After an
intravenous bolus of contrast medium the heart was im-
aged from base to apex with serial transverse images in
eight short-axis cine computed tomographic planes. In
each dog during each experimental condition, 50 ms
scans spanning the cardiac cycle were acquired at each
anatomic level. Left ventricular epicardial and endo-
cardial boundaries were identified on end-diastolic and
end-systolic imagesat the equatorial left ventricular planes
by all objective threshold contour method validated in
a series of experiments performed on ex vivo anatomic
specimens. End-dlastollc and end-systolic frames were
automatically realigned by superposition of epicardial
centers of gravity and then rotated using a cross cor-
relation function. The left ventricular wall thickness was
measured manually at 16 points around the circumfer-
ence by two independent observers.
For the group of dogs the average percent wall thick-
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ening was 40.5 ± 28.2% and varied among segments
from 18 to 70% in the control state. After dobutamine
was administered, significant increases in heart rate and
cardiac output (p s 0.01) were accompanied by an in-
crease in the average wall thickening (73.6 ± 51.2%;
p s 0.001) in the left ventricle; the average wall thicken-
ing among segments ranged from 46 to 97%. After
phenylephrine administration, significant increases in
mean blood pressure and cardiac output (p s 0.01) were
noted along with a significant increase in average left
ventricular wall thickening (60.3 ± 52.5%; P s 0.001).
Despite an overall increase in the percent wall thick-
ening, no statistically significant changes in segmental
contraction pattern between control and drug lnterven-
tion states were observed. The wall thickness measure-
ments were highly reproducible between the two inde-
pendent readers (reliability coefficient = 0.99).
Cine computed tomography-derived measurements
can potentially be used for quantitative assessment of
left ventricular wall thickening dynamics of a single
heartbeat during acute interventions, such as the admin-
istration of drugs.
(J Am Coli CardioI1986;8:682-92)
Quantitative assessment of wall thickening dynamics is an
important marker of left regional ventricular function. In-
crease in wall thickness in chronic pressure and volume
overload of the left ventricle is a major compensatory factor
in normalizing ventricular wall stress in these states (1-3).
Changes in segmental ventricular wall thickness and thick-
ening have been identified during the early stages of acute
myocardial ischemia (4-6).
Precise and continuous measurements of regional wall
thickness have been attained in experimental animals using
ultrasonic crystals implanted across the myocardial wall and
with other experimental techniques (7-13). In patients, left
ventricular wall thickness has been assessed by contrast
ventriculography 04-21) and M-mode and two-dimen-
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sional echocardiography (22-27) . Howe ver , there are some
limitation s to the precision of these clinical techniques. With
angio graph y, planar projection of a three-dimensional geo-
metric image reduces the accuracy of measurements and
each measurement can only be made for the small segment
of the left ventricular wall that can be placed perpendicular
to the X-ray beam and can be rotated away from overlapping
cardiac structures . Consequently, important segments of
ventricular wall are excluded from evaluation . Major dis-
advantages of echocardi ographic measurements are equi v-
ocal and variable edge detection around the circumference
of the left ventricular chamber , especially in technically
difficult studies.
Recently, computed tomography has been proposed for
measurements of regional left ventricular dimensions and
dynamics. Computed X-ray tomography increases the re-
producibility and geometric relevance of wall thickness
measurements (28- 30). However, poor temporal resolution
with standard computed tomographic scanners has prevented
wide clinical acceptance of this techn ique for the evaluation
of cardiac funct ion. The cine computed tomographi c scanner
has overcome this limit ation by acquiring scans at multiple
levels with an exposure time of 50 ms. The scanner has
several capabilities useful for monitoring wall thickening
dynamics, such as distinct spatial separation of left ven-
tricular segments, sharp and uniform edge definition and
adequate temporal resolution.
The purpose of this study was to: I ) develop objective
methods for quantitating regional wall thickening dynamics
by cine computed tomo graphy; 2) determine the pattern and
variabilit y of wall thickening around the circumference of
the left ventricle; and 3) assess the capability of cine com-
puted tomography for quantitating the effect of acute inter-
ventions on regional wall thickening dynamics. To induce
changes in wall thickening, dobutamine, a positive inotropic
agent , and phenylephrine , a potent vasoconstrictor with a
dose-dependent positive inotropic effect , were utilized . The
objecti ves were not to specifica lly describe the hemody-
namic effects of the two drugs; they were merel y emplo yed
\ to induce acute steady state changes in wall thickening dy-
namics.
Methods
Experimental protocol. Nine mongrel dogs weighing
20 to 32 kg were anestheti zed (25 rng/kg sodium pento-
barbit al intravenously and 10 mg/kg Innovar-vet intrave-
nously) and intubated. Respiration was maintained at 16
breath s/min with a Harvard pump respirator. For cardiac
output measurements, a 7F Swan-Ganz thermodilution cath-
eter was positioned in the pulmon ary artery through the
femoral vein . For blood pressure measurements , a 12 gauge
catheter was inserted into the femoral artery and connected
to a Statham P23Db transducer. A separate catheter was
introduced into the superior vena cava throu gh the internal
jugular vein for contrast medium admini stration . For heart
rate monitoring and triggering of imaging sequences , three
electrodes were attached to the dog' s limb s.
Each dog was placed in the scanner in the right decubitus
position. The long axis of the heart was defined in the first
four dogs by two-dimensional echocard iograph y. To image
the heart in short-axis views, the table of the scanner was
typically slewed 20° to the left and tilted caudally 7°. In the
remaining five studie s, the dogs were positioned in this
standardized position for short-axis views.
Measurements. Measurements were performed in the
control state and sequentially after a steady state response
was reached during the intravenous infusion of dobutamine
(lOJ..Lg/kg per min) and phenylephrine (25 J..Lg/kg per min) .
For each drug this was typicall y 20 minutes after initiation
of the infusion. To accompl ish simultaneous opacification
of both ventricles, imagin g runs were initiated 10 seconds
after the beginning of the 4 second injection of a 30 cc bolus
of 50% diluted iothalamate sodium (Conray 400 ). In this
study, the bolus of the contrast medium was injected into
the superior vena cava . However , when timin g of bolus
injection is adjusted to circulation time , peripheral venous
injection can be used with equal result s. Durin g imaging ,
ventilation was suspended at a low inspiratory level. An
electrocardio gram and arterial blood pressure were contin-
ously recorded. Simultaneously, at least two measurements
of therm odilution cardiac output were obtain ed in the control
state and at steady state during each intervention. In each
dog the average cardiac output , heart rate and mean blood
pressure in each state were assesse d .
Tomographic imaging. Typically, eight short-axis views
were required to encompass the entire heart. Thus, two
imaging runs, each spanning four anatomic levels usually
during two consecutive heart beats , were acquired. From
the eight anatomic levels in each dog, the equatorial left
ventricular plane was select ed for image analysis. Equatorial
planes were selected to minim ize errors introduced by in-
congruencies between cardiac anatomy and transaxial im-
aging methods . such as apex to base shortening , part ial
volume effects and oblique ventricular wall transsection by
the imagi ng planes in the distal portion of the left ventricle.
The left ventricular equatorial plane was defined as the plane
of the eight scans encompassing the heart on which planim -
etry measured the largest area circumscribed by the endo-
cardium at end-diastole in each state for each dog. At these
identical tomographic planes, end-diasto lic and end -systolic
frames were identified as images corresponding closest to
the upslope of the electrocardiograph ic R wave and last
quarter of the T wave , respectively. End-diastolic , end-
systolic and intermediate points within a cardiac cycle were
defined as intervals of the 50 ms exposure length, plus 8
ms intcrexposure intervals.
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Imaging sequence. The Imatron C-IOO cine computed
tomographic scanner was utilized in this study (31). The
fast scan time is achieved by eliminating all mechanical
motion, which in conventional computed tomographic scan-
ners causes scan times of several seconds. The cine com-
puted tomographic scanner produces an electron beam that
is focused and deflected by time variable magnetic fields
onto curved tungsten target rings that partially surround the
patient. The X-ray beam is formed at the point where the
electron beam strikes a target and is moved around the
patient by deflecting the electron beam along a target ring.
Because the scanner has two detector rings, two 8 mm thick
adjacent slices with a 2 mm inters lice gap are acquired
simultaneously in the 50 ms scan time. Each 50 ms scan is
followed by an 8 ms interscan delay so that, at a given level,
the scanning rate is 16 scans/so With the plane of an image,
a resolution less than 2 mm is achieved.
In this study, imaging sequences were initiated by the
electrocardiogram either at the R wave or after a preset delay
from the R wave and generally consisted of 14 scans that
were required to span the entire cardiac cycle. The resulting
images were reconstructed from a matrix of 256 X 256
picture elements and displayed on a black and white monitor
with the brightness of each volume element linearly pro-
portional to the X-ray attenuation coefficient of the tissues
examined (32). These attenuation coefficients were recorded
as Hounsfield computed tomographic numbers according to
the established relations with respect to the apparent density
of water (33).
Image Analysis
Edge definition. Left ventricular endocardial and epi-
cardial and right ventricular septal boundaries were iden-
tified using computer-assisted parallel search method with
thresholding. This technique has been selected as an ade-
quate and relatively simple approach for boundary definition
for cine computed tomography-derived images where there
is complete mixing of contrast medium and homogeneous
opacification of the cardiac chambers. The process of car-
diac border definition utilized in this study consisted of the
following steps: I) definition of edge operators, that is,
Hounsfield computed tomographic numbers representing the
left ventricular edge value in the individual image (see Ap-
pendix A); 2) highlighting pixels with calculated edge values
using a bright flashing or video overlay, referred to as a
blink mode; and 3) manually tracing the left ventricular
border on enlarged and displayed images using a trackball.
To avoid inaccuracies in edge definitions in in vivo im-
ages with an uneven distribution of contrast medium within
the left ventricular cavity, up to four edge pixel values were
calculated for the variably opacified regions of the left ven-
tricle. After evaluation of the edge operators for each image,
boundaries were manually traced on the video screen by
connecting pixels with edge values highlighted in the blink
mode. As edge pixels were displayed close to each other
errors due to filling in gaps were minimized. Figure I dem-
onstrates boundary definition in end-diastolic and end-sys-
tolic frames.
Analysis of regional left ventricular wall thickening.
To account for the translational and rotational movement of
the heart within the thorax during the cardiac cycle we
realigned end-diastolic and end-systolic frames as follows:
I) manually traced epicardial end-diastolic and end-systolic
left ventricular edges were automatically digitized and the
corresponding coordinates of the centroids were calculated.
Then, end-diastolic and end-systolic centroids were super-
imposed; 2) the computer generated a line parallel to the x
axis of the image matrix through the superimposed cen-
troids; 3) employing a cross correlation technique (34), end-
diastolic and end-systolic left ventricular edges were com-
pared and the longitudinal rotational angle was calculated
(see Appendix B). Then end-systolic images were rotated
corresponding to the calculated angle (Fig. 2). Epicardial
edges were used for centroid definition and rotational re-
alignment to reduce the effect of inhomogeneities in the
regional wall thickening and radial segment shortening (35).
In one animal (dog 5) the outer left ventricular edges were
nearly circular and prevented an accurate assessment of the
rotational angle. Images in this dog were manually rotated
by superposition of the left ventricular papillary muscles.
From realigned images end-systolic (WTs) and end-diastolic
(WTD) wall thicknesses were manually measured at 16 points
(22.5° intervals) as the smallest distance between the inter-
section of the radius with the endocardial/epicardial inter-
faces. Segments containing papillary muscles were not ana-
lyzed. Figure 3 shows the anatomic location of 16 wall
thickness measurements.
Percent wall thickening (%WT) was computed by the
formula:
% WT = (WT s - WT D) x 100
WT D
Cine computed tomography-derived wall thickness mea-
surements were calculated in each state as a mean and stan-
dard deviation of: I) all segments for each dog, 2) all dogs
for each segment, and 3) all dogs and all segments. Inter-
observer variability was tested by obtaining wall thickness
measurements by two independent readers.
Statistical analysis. Data were evaluated by analysis of
variance with repeated measures using dummy variables in
a multiple regression model as specified in Appendix C to
determine I) the significance of changes in hemodynamic
variables and wall dimensions between control state and
interventions, and 2) the significance of changes in the pat-
tern of wall thickening among the experimental states. The
pattern of wall thickening was defined by comparison of
segments 2 through 16 with segment 1. Interobserver var-
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Figure 1. Definition of left ventricular
edges, Shownare end-diastolic (left) and
end-systolic (right) images at midven-
tricular level. Left ventricular end-dia-
stolicouter (A) and inner (B) boundaries
and end-systolicouter (C) and inner (D)
boundaries are displayed (arrows),
Computed tomographic pixel values of
ventricularedges are calculated and out-
lined as described in the Methods sec-
tion,
Results
iability was evaluated by analysis of variance with repeated
measures.
Figure 3. Anatomic definition of wall thickness measurements
around the left ventricular circumference, Shown is a diagram of
anatomic positions of 16 equally radially separated points (22S)
where wall thickness measurementswere taken. Points I to 3 and
16 correspond anatomically to the posterior wall, points 7 to 9 to
the interventricularseptum and points 10 to 15 to the anterolateral
free wall of the left ventricle,
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percent wall thickening (both p ::; 0.00 I) and cardiac output
(p ::; 0,05),
Comparison between dobutamine and phenylephrine
showed significantly higher heart rate (p ::; 0.008), end-
diastolic (p ::; 0,02) and end-systolic (p ::; 0.003) wall
thickness and percent wall thickening (p ::; 0.001) during
dobutamine infusion. In contrast, mean blood pressure was
significantly higher with phenylephrine (p ::; 0.001) and
there was no significant difference in cardiac output.
Pattern of circumferential segmental wall thickening.
Figure 4 shows the average percent wall thickening for all
16 segments in each state. In the control state, the average
percent wall thickening among the segments varied between
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A total of 864 measurements of left ventricular wall thick-
ness were taken. Because of the presence of the papillary
muscles, 90 measurements were subsequently excluded from
analysis. No statistically significant differences in wall
thickness measurements between the two independent read-
ers were observed (reliability coefficient = 0,99),
Comparison between control state and pharmacologic
interventions. Table 1 provides a summary of the hemo-
dynamic and computed tomographic data along with the
statistical significance of any changes. Wall thickness and
percent wall thickening represent means of all analyzed
segments ± SD for individual dogs.
Dobutamine compared with a control state produced a
significant increase in heart rate (p ::; 0.002), cardiac output,
end-systolic wall thickness and percent wall thickening (all
p ::; 0.001). Increases in mean blood pressure and end-
diastolic wall thickness were not significantly different from
the control state, Phenylephrine, compared with the control
state, caused a significant increase in mean blood pressure,
Figure 2. Rotational realignment of end-diastolic and end-systolic
frames, Shown are epicardial end-diastolic (small dots) and end-
systolic (large dots) left ventricular contours in control state (A)
and during dobutamine (B) and phenylephrine (C) infusions. The
angle of end-diastolic to end-systolic rotation was calculated by
cross correlation function,
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Table 1. Summary of Hemodynamic and Cine Computed Tomographic Image-Derived Measurements in Nine Dogs
Dog No.
I
2
3
4
5
6
7
8
9
Mean ± SD
HR (rnin" ')
71
57
150
93
67
105
65
80
148
93 ± 35
BP (mm Hg)
79.7
74.3
49.7
87.7
72.0
81.0
73.3
106.0
95.0
79.8 ± 15.9
CO
(liters-min - ')
A. Control
2.6
1.9
2,0
2.7
3.9
3.8
2.1
3,2
2.5
2.7 ± 0.7
WTD (rnrn)
7.6 ± 1.5
9.6 ± 1.6
11.5 ± 1.6
11.3 ± 1.4
11.4 ± 2,0
5.7 ± 1.0
7.9 ± 0.8
9.8 ± 1.5
12.6 ± 3.0
9.7 ± 2.7
WTs (mm)
11.9 ± 1.1
15.8 ± 2.1
13.6 ± 2.0
13.9 ± 1.9
14.5 ± 1.7
7,6 ± 1.7
12.1 ± 1.5
13.2 ± 1.8
15.7 ± 1.9
13.2 ± 2,9
%WT
60.7 ± 28.4
67.3 ± 26.0
19.0 ± 18.9
24.7 ± 16.0
28.4 ± 16,5
36,3 ± 35.4
54,2 ± 26.6
36.4 ± 23.4
28.6 ± 22.3
40.5 ± 28.8
+4
+4
+8
+4
+44
o
+4
o
o
B. Dobutamine
1
2
3
4
5
6
7
8
9
Mean ± SO
60
85
140
150
170
145
130
175
145
133 ± 38
p ~ 0.02*
93.3
91.7
73.7
73.7
68.3
91.0
70.7
84.0
110.0
84.0 ± 13.7
NS*
3.3
4.0
3.1
3.8
5, I
5.8
4.8
6.3
4.7
4.5 ± l.l
p ~ 0.001*
8.1 ± 1.6
9.4 ± 2.3
11.3 ± 2.1
15.4 ± 3,1
15.0 ± 2,7
6.1 ± 1.4
8.2 ± 1.3
13,6 ± 1.4
10.6 ± 1.5
10.8 ± 3.6
NS*
14.7 ± 1.5
19.1 ± 2.2
14.8 ± 2.1
20.7 ± 1.2
22.6 ± 1.9
9.6 ± 1.5
20.7 ± 3.1
19.0 ± 2.5
17.1 ± 1.7
17.6 ± 4.2
p~O.OI*
86.4 ± 30.4
112.6 ± 50.3
32.0 ± 16.5
38.7 ± 26.6
57,1 ± 39.2
66.4 ± 53.9
154.2 ± 43.5
39.7 ± 14.7
63.5 ± 15.1
73.6 ± 51.2
p -s 0.001*
+4
+4
o
+8
+44
+4
+8
o
+4
C. Phenylephrine
I
2
3
4
5
6
7
8
9
Mean ± SO
82
97
52
108
47
90
67
105
83
81 ± 22.9
NSt
p <; 0.00]:j:
190.0
140.3
131.0
173.0
102.7
154.0
150.6
116.0
125.3
142 ± 27.6
p -s O.GOlt
P ~ 0.00]:j:
4.5
4.5
3.6
4.0
2.7
1.9
3.4
7.5
2.9
3.9 ± 1.6
p ~ 0.05t
NS:I:
8.2 ± 1.2
8.8 ± r.i
8.8 ± 1.9
12.9 ± 2.4
10.2 ± 1.7
5.5 ± 1.5
7.9 ± 0.8
9.6 ± 1.8
10.5 ± 2.5
9.1 ± 2.5
NSt
p ~ 0.02:1:
9.4 ± 1.0
17.3 ± 2.6
13.5 ± 1.9
18.3 ± 2.8
15.6 ± 1.6
7.5 ± 1.3
13.4 ± 2.7
17.2 ± 2.2
15.3 ± 2.3
14.1 ± 4.1
NSt
p ~ 0.01:1:
17.0 ± 17.7
98.5 ± 35.8
59.9 ± 29.4
42.8 ± 13.9
56.8 ± 28.5
54.6 ± 42.0
73.6 ± 45.2
82.7 ± 27.2
51.9 ± 39.7
60.3 ± 42.5
p -s O.OOlt
P ~ 0.001:1:
-12
-8
+4
+-12
-20
o
-12
-12
-8
Diastolic and systolic wall thickness and percent wall thickening represent average values and standard deviations of all 16 segments in each dog.
*p values are for comparison of dobutamine versus control; tp values are for comparison of phenylephrine versus control; :l:p values are for comparison
of dobutamine versus phenylephrine. BP = mean blood pressure; CO = thermodilution cardiac output; HR = heart rate; Rot = rotation (- = clockwise
longitudinal rotation, + = counterclockwise longitudinal rotation); WTD = end-diastolic wall thickness; WTs = end-systolic wall thickness; %WT =
percent wall thickening.
17.6 and 70,0%; the mean percent wall thickening for each
dog in the group ranged from 19,0 ± l8,9t067,3 ± 26,0%
(Table I A). Comparisons of segments 2 through 16 with
segment 1 revealed significantly higher percent wall thick-
ening in segments 4, 8, 9 and 11, A marginally significant
higher percent wall thickening was observed in segments 5
and 10 (p = 0,05 and p = 0,10, respectively) (Table 2),
In segment 12, because of the nearly invariable presence of
the anterolateral papillary muscle, only two measurements
were obtained, The 'low number of observations diminished
the power of the statistical test and prevented significance
despite the highest measured percent wall thickening.
Both dobutamine and phenylephrine produced a statis-
tically significant upward shift in regional function as re-
flected by the pattern of wall thickening, With dobutarnine,
the average percent wall thickening among the segments
ranged from 45.9 to 97.3% with an average increase among
the segments of 33.6% above the control state (Table 2).
With dobutamine, the mean percent wall thickening for each
dog in the group ranged from 32.0 ± 16,5 to 159.2 ±
43.5% (Table IB). Similarly, with phenylephrine, the av-
erage percent wall thickening among segments ranged from
23.9 to 91.7%, with an average increase among the seg-
ments of 20% above the control state (Table 2). The mean
JACC Vol. 8, No.3
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Discussion
Cine computed tomography in the current study showed
considerable variability in wall thickening around the cir-
cumference of the left ventricle in the equatorial plane. It
also revealed acute changes in average wall thickening and
thickening of multiple individual segments in response to
pharmacologic interventions. A characteristic pattern of wall
thickening around the circumference was identified and this
did not change significantly with the interventions.
Previous methods for measuring wall thickness. Clin-
ical measurements of wall thickness have been previously
obtained by contrast ventriculography (14-21), echocardi-
ography (22-27), computed X-ray tomography (28-30) and
nuclear magnetic resonance imaging (36). In contrast ven-
triculography the wall thickness is measured over a short
segment of the left ventricular free wall (15), More recently,
segmental measurements in long-axis views have been pro-
posed (20). Using this technique, systolic wall thickening
in a control state ranged from 30 to 150% (16-21) and
typically exceeded values predicted from calculations of left
ventricular mass (18) or those measured directly by im-
planted radiopaque markers (17). The discrepancy in ex-
perimental data has been explained by the possible inclusion
of infolding trabeculation and papillary muscles in end-
systolic measurements and uncertainties in identification of
endocardial interfaces (17).
Table 2. Repeated Measures Analysis of Variance With
Multiple Linear Regression and Dummy Variables
Shown are the results of statistical analysis of drug interventions on
overall and segmental percent wall thickening as a function of anatomic
position around the left ventricular circumference. The coefficient asso-
ciated with each X variable is interpreted as the change in percent wall
thickening to segment I of the control condition.
*In this segment only two measurements were obtained.
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Figure 4. Average segmental percent wall thickening in studied
states. Shown are diagrams of an average percent wall thickening
as a function of segment position in all nine dogs. Repeated mea-
sures analysis of variance with multiple linear regression suggested
that the basic pattern of percent wall thickening observed in the
control state has notbeen significantly altered with pharmacologic
interventions.
percent wall thickening for each dog in the group ranged
from 17.0 ± 17,7 to 98.5 ± 35.8% (Table lC). Figures
5 and 6 show typical examples of equatorial wall thickening
during a single heartbeat in a control state and during an
infusion of dobutamine.
The basic pattern of wall thickening in all dogs as a
function of segment position around the circumference was
not changed with dobutamine and phenylephrine, That is,
both drugs only shifted the basic pattern observed in the
control state upward without a significant change in shape
of the basic pattern, This conclusion is based on the fact
that interaction variables between segment position and drug
in the multiple regression equation were not significant.
Longitudinal rotation of the heart from end-diastole to
end-systole varied in control state and with dobutamine from
o to +8° (in counterclockwise direction) with an average
of +3°. With phenylephrine, the longitudinal rotation ranged
from + 12 to - 12° with a mean angle of - 4.5° (in clock-
wise direction).
X Variable
Dobutamine
Phenylephrine
Segment
2
3
4
5
6
7
8
9
10
11
12*
13
14
15
16
Coefficient
33.60267
20.03842
0.21158
0.78032
20.81804
17.69840
5.12593
6.64487
19.31253
31.81881
16.62496
26.49502
13.73631
-7.61789
- 2.54684
-2.94437
-3.58049
p Value
0.00
0.00
0.98
0.99
0.04
0.08
0.61
0.50
0.05
0.00
0.10
0.02
0.35
0.67
0.89
0.77
0.72
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Figure 5. Cine computed tomographic image sequence acquired
during a single heartbeat in the control state. Shown are 16 con-
secutive images of the dog heart at midventricular level with the
corresponding electrocardiographic phase for each image. At a
cardiac cycle length of 930 ms, corresponding to a heart rate of
65/min, 16 images were acquired in a single RR interval. Regional
contraction is clearly demonstrated. At the given heart rate, image
6 approximates mechanical end-systole.
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'"f('. ~, ~. ~~. Figure 6. Cine computed tomographic image sequence acquiredduring a single heartbeat after dobutamine infusion. Eight con-secutive 50 ms images are shown. At a cardiac cycle length of470 ms, corresponding to a heart rate of 130/min, eight images
were acquired in a single RR interval. Compared with the control
state, overall increase in systolic wall thickness and a slight coun-
terclockwise rotation of the heart can be appreciated. In this se-
quence, image 4 approximates mechanical end-systole.
left ventricular levels showed the mean systolic wall thick-
ening increase from 20.5 ± 6.6 to 46.7 ± 11.5% and from
23.9 ± 5.6 to 28.9 ± 7.6% from base to apex in dogs and
healthy humans, respectively.Turthermore, relatively higher
systolic wall thickening in the posterolateral and anterosep-
tal segments were noted.
Imaging strategy: methodologic considerations. In the
current study we report a new technique for quantitation of
regional systolic wall thickening from a single heartbeat
utilizing short-axis cine computed tomograms. This tech-
nique has some potential limitations, such as uncertainties
regarding the selection of the centroid and efficacy of the
cross correlation technique when applied to ventricles with
regional contraction abnormalities. In addition, we report
the results of serial wall thickness measurements by cine
computed tomography in a wide range of pharmacologically
altered contractile states, The current technique for quan-
titating wall thickening is highly reproducible and seems
appropriate for characterizing the acute change in wall thick-
ening dynamics induced by pharmacologic interventions.
For this purpose a short-axis view was defined to minimize
obliquity of the wall thickness measurement and variability
in the degree of obliquity among segments. To define left
ventricular myocardial edges, we employed a computer-
assisted parallel search method with thresholding. This tech-
161412108642
Two-dimensional and M-mode echocardiography have
been proposed for the noninvasive assessment of wall thick-
ening dynamics. In healthy subjects studied at different an-
atomic levels, Pandian et al. (25) measured a mean wall
thickening of 71 ± 34% with a range of 0 to 150% in
motion-corrected parasternal short-axis echocardiograms,
The considerable variability in these data was attributed to
biologic factors, such as regional differences in myocardial
perfusion and myocardial fiber architecture and temporal
asynchrony of contraction, and technical factors, such as
difficulty in myocardial edge detection and intrathoracic
cardiac motion. Significantly less variability has been re-
ported by Haendchen et al. (26) from echocardiographic
studies in dogs and humans. Measurements done at multiple
2 3 4 5 6 7 8
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nique defines the edge but the actual border is traced by an
operator. This does introduce some operator-dependent sub-
jectivity. This edge detection procedure is relatively simple
and proved accurate when wall thickness measurements were
compared with the true wall thickness of ex vivo anatomic
specimens. The threshold edge detection technique has not
been verified with a technique such as sonomicrometry.
Such an in vivo verification itself carries some uncertainties
due to inherent imprecisions in placement and directionality
of the endocardial sonomicrometric crystals. These uncer-
tainties are avoided by the ex vivo calibrations employed
in the current study.
Similarly, none of the more complex edge detection tech-
niques based on estimating the radial gradient in signal
intensity in individual pixels rather than a calculated thresh-
old have been tested for comparison. Gradient techniques
of edge detection can be, however, potentially useful in
images with incomplete bolus mixing and inhomogeneous
opacification of the left ventricular cavity. In these images,
using the threshold technique, the determination of several
threshold values was required.
To correct for translational and rotational cardiac mo-
tion in diastolic and systolic frames, we superimposed the
end-diastolic and end-systolic centroids, defined as a center
of mass of the epicardium, and assessed the phase angle of
the end-diastolic and end-systolic epicardial edges calcu-
lated by cross correlation function.
No data are available to our knowledge on the choice
of an optimal reference system, that is, internal floating
versus external fixed, in cine computed tomography images.
Similarly, data are lacking to compare the use of the en-
docardial versus epicardial centroids, or anatomic versus
mathematic techniques for image realignment in internal
frame of reference in cine computed tomographic studies.
In this study, we used an epicardial edge rather than an
endocardial edge to assess the centroid because of the unique
edge definition (myocardium/lung tissue) and potentially a
lesser effect of localized wall motion abnormalities on po-
sition of the centroid (35). The use of cross correlation
function for rotational correction rather than reorientation
by anatomic landmarks was favored as a potentially more
objective observer-independent technique.
The realignment by cross correlation function appeared
reliable, with the exception of images with nearly circular
outer left ventricular edges. In these images cross correlation
function cannot be applied and the use of anatomic land-
marks is preferable. The hearts in the current study were
normal and had similar epicardial shapes in systole and
diastole. This method cannot be expected to be as reliable
in the presence of ischemic heart disease with regional con-
traction abnormalities where shapes are different at end-
diastole and end-systole. The rotational correction by cross
correlation function was on average +3° (counterclockwise)
with a range of 0 to + 8° in a control state and with do-
butamine, and was -4.5° (clockwise) with a range of + 12
to - 12° with phenylephrine. These results are similar to
those obtained from radiopaque markers directly implanted
into the canine endocardium (37) and from short-axis echo-
cardiograms (38).
In this study images were taken during a 10 second period
of suspended respiration and no corrections for respiratory
movement of the heart were required. We analyzed only
images at equatorial left ventricular planes, mainly for two
reasons: I) at this level the imaging plane should transsect
the ventricular wall at right angles, that is, oblique transaxial
images, or images with a significant partial volume effect
should be avoided; and 2) the effect of apex to base short-
ening is minimized. The second consideration appears of
little concern in normal contractile states, where changes in
the length of the long axis are small (39) and will probably
result in anatomic displacement that is smaller than the
vertical thickness of a single imaging plane. However, with
marked changes in chamber size and contractility the lon-
gitudinal displacement of the left ventricular segment rel-
ative to a fixed imaging plane will be more prominent and
further data are needed to assess its significance. The wall
motion occurring during the 50 ms exposure time will prob-
ably reduce the accuracy of the wall thickness measurements
but should not affect their precision at comparable heart
rates. For regional definition of wall thickening we measured
end-diastolic and end-systolic wall thickness in the equa-
torial plane at 16 points around the circumference, each
separated by 22.5°.
Wall thickening dynamics. Using the described tech-
nique, we measured regional wall thickening dynamics in
a wide range of pharmacologically altered contractile states.
In a control state the average systolic wall thickening among
individual dogs varied from 19.0 to 67.3%, with an overall
mean of 40.5%. During a continuous infusion of dobutamine
the systolic wall thickening ranged from 32.0 to 159.2%
among individual dogs, with an average of 73.6%. Simi-
larly, infusion of phenylephrine increased wall thickening
up to 17.0 to 98.5% among dogs with an average of 60.3%.
Analysis of the circumferential wall thickening pattern
ofthe pooled data from all dogs in the control state revealed
a significantly higher wall thickening in segment 4 (pos-
teroseptal) and segments 8, 9 and II (anterolateral), when
compared with segment 1. In segment 12 the highest mean
percent wall thickening was measured in a control state.
However, because only two measurements were obtained
because of the frequent presence of papillary muscles, the
reliability of the measured increase in wall thickening is
diminished and the statistical test did not demonstrate a
significant difference between segments 1 and 12.
With dobutamine and phenylephrine the overall wall
thickening increased significantly by 33.6 and 20%, re-
spectively, above the control state. However, despite in-
creased wall thickening, the pattern of regional wall thick-
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ening remained statistically unchanged with both drugs when
compared with the control state.
Circumferential pattern of wall thickening: compar-
ison with echocardiography. The systolic wall thickening
measured in this study by cine computed tomography in the
control state is similar to results obtained by two-dimen-
sional echocardiography (25,26). The circumferential pat-
tern of wall thickening defined by cine computed tomog-
raphy suggests a higher systolic wall thickening, mainly in
the anterolateral left ventricular free wall. In contrast, two-
dimensional echocardiography revealed at a comparable an-
atomic level the highest wall thickening in the posterior and
anterior left ventricular segments (26). The persistence of
the circumferential pattern of wall thickening with phar-
macologic interventions supports the relevance of cine com-
puted tomography-derived measurements. The validity of
these data is, however, somewhat limited by the size of the
group of animals studied and the reduced number of ob-
servations in the anterolateral segments. Thus, in the ab-
sence of further data, observations on circumferential pat-
terns of wall thickening remain empirical and further data
are needed to confirm their pathophysiologic significance.
Conclusions. Cine computed tomography is a new tech-
nique for quantitative assessment of regional wall thickening
dynamics in a defined tomographic plane. The method is
noninvasive and can be objectively evaluated. Repeated as-
sessment of regional ventricular function with this technique
may permit quantitation of pharmacologic effects, poten-
tially valuable to the clinical evaluation of patients with
cardiovascular disease. However, the current technique should
be applied with caution for ventricles with regional con-
traction abnormalities and more experimental data are needed
in this regard.
Appendix A
Definition of edge operators by anatomic measurements.
Because selection of the threshold value may be critical for the
accuracy of the wall thickness measurements. definition of edge
operators has been validated by anatomic measurements made from
two excised hearts. The heart specimens were void of blood and
orifices of the tricuspid and mitral valves were tightly sutured.
Then two No.7 Foley catheters were inserted across the semilunar
valves into the right and left ventricular outflow tracts and tightly
sutured. For imaging, the ventricles were filled with approximately
50 cc of I :50 diluted Conray 400, positioned with the left ven-
tricular long axis perpendicular to the imaging plane in the scanner,
and eight I cm thick imaging transaxial planes indicated by laser
beam were marked on the left ventricular anterior wall.
After imaging, the hearts were dissected along the imaging
planes. The left ventricular borders of two midventricular planes
in each heart were traced manually on the plastic overlay. Using
the left ventricular anterior wall labels the tracings were realized
with I: I enlarged cine computed tomographic images of these two
levels and 16 angularly equidistant measurements of wall thickness
around the circumference were taken. To calculate the edge op-
erators we used empirically derived formulas, where endocardial
edges were defined as pixels with a computed tomographic (CT)
number defined as: EN = MCT + [(CCT - MCT) .X], where
MeT = myocardial computed tomographic number, CCT = intra-
cavitary computed tomographic number and X = fixed percent
threshold value. Epicardial edges were defined as pixels with a
computed tomographic number EP = LCT + [(MCT - LCT)·Y],
where LCT = lung parenchymal computed tomographic number,
MCT = myocardial computed tomographic number and Y = fixed
percent threshold value. On the basis of our previous experience,
values of X = 50, 70 and 80% and corresponding Y = 50, 30
and 20% were evaluated. Cine computed tomographic measure-
ments employing values of X and Y of 50:50%, 70:30% and
80:20% combination of the threshold values were highly correlated
with the true wall thickness measured from anatomic I em thick
slices taken along identical imaging planes. The respective cor-
relation coefficients were r = 0.88 for X = 50%, Y= 50%;
r = 0.90 for X = 70%, Y = 30%; and r = 0.87 for X = 80%,
Y = 20%. However, among the threshold values, X = 70%,
Y = 30% corresponded to the lowest 95% confidence interval and
was selected for left ventricular edge detection. In this study no
attempt has been made to validate the edge operator under in vivo
conditions. Thus, assuming similar concentrations of contrast ma-
terial within the ex vivo and in vivo ventricular cavities, the re-
maining effect of ventricular wall motion during 50 ms exposure
time on edge definition remains to be determined.
Appendix B
Calculation of rotational angle. To account for longitudinal
rotation of the heart between end-diastole and end-systole, the
outer boundaries of the left ventricle in end-diastolic and end-
systolic images were cross correlated (23). In our approach 90
contour radii were sampled with a radial distance of 4° around the
circumference. Thus, offsetting the index of the radius by one was
equivalent to a rotation of 4°. To select the rotation angle for the
end-systolic contour, the integer offset k ranged from - II to
+ I I. For each value of k the cross correlation function CC k was
computed according to the formula:
90
CC k = LRj • ri,
i~ I
where R, = the length of the end-diastolic radius j; r, = the length
of the end-systolic radius i; and i = mod (j + k - I, 90) + I.
The maximal value of cross correlation function (CC k ) selected
the rotation angle = 4k.
Appendix C
Statistical analysis. Repeated measures analysis of variance
with multiple linear regression and dummy variables was done to
analyze the effect 'of drug interventions on I) the hemodynamic
variables; and 2) average values of wall thickness and percent wall
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Dobutamine
1 if dobutamine,
Phenylephrine
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accounts for variability between dogs; that is, it takes into account
the repeated measures experimental design.
The following formula describes the segmental changes in per-
cent wall thickening (%WT):
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ootherwise
I if dog I,
Dog - 1 if dog 9,
ootherwise.
Ao is an estimate of the mean in the control state. A, and A2 are
estimates of the respective drug effects on the variable Y as com-
pared with the control state. The last term of the equation,
ootherwise
I if phenylephrine,
thickening and the pattern of percent wall thickening as a function
of segmental position around the circumference.
The following formula describes the drug effect on hemody-
namic and averaged tomographic variables:
%WT = a; dobutatnine + a2 phenylephrine
8 16
+ Lbi dog; LCj segrnent.,
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where dobutamine, phenylephrine and dog; are dummy variables
as described above and segment, represents 15 dummy variables
for the 16 segments with segment I as a reference and segment
2, segment 3 ... segment 16 are defined as follows:
Sj = I if segment j,
ootherwise.
The coefficient a, is an estimate of the average percent thick-
ening in segment 1 under control conditions. The coefficients a.,
a2 and b, in equation 2 are interpreted as described above for Ai,
A2 and B, in equation I. The additional coefficient cJ is interpreted
as the average change of segment j from the average wall thick-
ening observed in segment l. For example, if segment 4 = 20.8,
that is interpreted as percent wall thickening in segment 4 to be
20.8 percent units higher than segment I.
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